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 Abstract 
The efficient electrochemical splitting of water is limited by the anodic oxygen evolution 
reaction (OER). IrO2 is a potential catalyst with sufficient activity and stability in acidic 
conditions to be applied in water electrolysers. The redox properties and structural flexibility 
of amorphous iridium oxo-hydroxide compared to crystalline rutile-IrO2 is associated with 
higher catalytic activity for OER. We prepared IrOx OER catalysts by a simple hydrothermal 
method varying the alkali metal base (Li2CO3, LiOH, Na2CO3, NaOH, K2CO3, KOH) employed 
during the synthesis. This work reveals that the surface area, particle morphology and the 
concentration of surface hydroxyl groups can be controlled by the base used, and thus, greatly 
influence the catalyst activity and stability for OER. It was found that materials prepared with 
bases containing lithium cations can lead to amorphous IrOx materials with a significantly lower 
overpotential (100 mV @ 1.5 mA·cm-2) and increased stability compared to materials prepared 
with other bases and rutile IrO2. This facile method leads to the synthesis of highly active and 
stable catalysts which can potentially be applied to larger scale catalyst preparations. 
Keywords: electrocatalysis, oxygen evolution reaction, iridium oxide, amorphous iridium oxo-
hydroxide, hydrothermal synthesis. 
Introduction 
To achieve transition from finite fossil fuel resources(1) to a hydrogen driven energy economy, 
surplus renewable energy needs to be converted to hydrogen and oxygen via electrolysis.(2) 
While H2 can be efficiently produced over Pd or Pt catalysts with minimal energy losses,(3) O2 
evolution is composed of multiple electron transfer reactions typically leading to a higher 
reaction overpotential than the thermodynamic value of 1.23 VRHE. On operating cells 
potentials between 1.8 VRHE and 2.6 VRHE are reported, which corresponds to an energy loss 
between 31.7 % to 53 %.(4) In acid media the most studied catalysts are RuO2 or IrO2(5) and 
whilst the former is highly active it corrodes through RuO4 formation,(6) thus iridium oxide is 
potentially the only feasible single oxide candidate. 
Key structural features of highly active IrO2 materials have been identified in the literature. 
Fierro et al.(7) through O18 isotopically labelled IrO2 and H2O, confirmed that active oxygen 
species can migrate through the IrO2 lattice. Therefore, suggesting that IrO2 with flexible 
structures, which would facilitate oxygen mobility, should outperform structurally rigid rutile 
IrO2.(8, 9) Pfeifer et al.(10, 11) characterised commercially available amorphous IrOx and 
crystalline rutile IrO2 from Premion-Alfa Aesar and Sigma Aldrich respectively by quasi in-situ 
X-ray photoemission spectroscopy and near edge - X-ray absorption spectroscopy. They 
proposed and characterised electrophilic O- species, which were mobile within the oxide lattice 
and highly susceptible to nucleophilic attack on the highly active amorphous catalyst while 
only lattice O2- sites were detected on the less reactive rutile oxide. In a separate study 
performed on the same commercially available IrO2 materials, by combining X-ray 
photoemission spectroscopy and density functional theory the origin of electrophilic O- species 
was correlated to the presence of IrIII sites, which were induced through the formation of 
cationic vacancies within the IrO2 framework.(12) 
To prepare highly active and stable IrO2 catalysts a wide variety of preparation methodologies 
have been developed. For instance, Massue et al.(13) prepared 30 wt. % amorphous oxo-
hydroxide IrO2/ATO catalysts through a microwave assisted hydrothermal method. At 1.58 
VRHE the fresh catalysts presented a current density of 0.7 A·mgIr-1. After annealing in air at 
250 °C and at 350 °C the current density dropped to 0.5 A·mgIr-1 and 0.2 A·mgIr-1 respectively 
due to the crystallisation of the IrO2 and loss of active surface. Bernicke et al.(14) prepared 
iridium acetate films on Ti cylinders through a evaporation-induced self-assembly (EISA) 
process using poly(ethylene oxide) and poly(butadiene) as the polymer template. Annealing 
at 375 °C was required to completely remove the polymer and to decompose the iridium 
precursor to IrOx, the highest OER activity was recorded after annealing at this temperature, 
whereas further increasing the annealing temperature followed by a decrease in the activity 
due to the progressive crystallisation of IrOx. A similar activity trend with calcination 
temperature was observed for non-template iridium acetate films prepared by Reier et at.,(15) 
(15) the measured potential was close to 1.49 VRHE at 0.5 mA·cm-2 for disordered films annealed 
at 350 °C, nevertheless, the potential increased progressively to 1.53 VRHE and 1.58 VRHE with 
increasing the calcination temperature to 450 °C and 550 °C respectively. Through XRD and 
XPS characterisation, the decrease in activity was related with higher crystallinity. Abbot et 
al.(16) prepared IrO2 catalysts via a modified Adams fusion method with a surface area of 150 
m2·g-1 and 86 m2·g-1 by annealing at 350 °C or 600 °C respectively. The IrO2 catalyst annealed 
at 350 °C showed lower overpotential (60 mV @ 10 A·gcat-1) compared to the catalyst 
annealing at 600 °C, improved catalytic activity was correlated to the lower crystallinity of the 
former catalyst instead of to its higher surface area. Similar results on IrO2 catalysts prepared 
by the Adams fusion method were observed by Felix et al.,(17) calcination above 350 °C 
induced catalyst crystallisation with the concomitant activity drop. 
The synthesis of amorphous iridium oxo-hydroxides at low temperature to minimise IrO2 
crystallisation is desired to ensure key catalytic features; structural flexibility, presence of O- 
species and IrIII sites. Heat treatment on dried IrOx samples can be avoided through a 
hydrothermal synthesis. Under strong alkaline conditions aqueous solutions of iridium salts 
hydrolyse and condense forming first Ir-O-oligomers followed by stable IrOx colloidal 
suspensions without the need for organic stabilising ligands,(18) precipitation can be induced 
by heating the solution to reflux to obtain IrOx solid. Typically, NaOH or KOH bases are widely 
used.(13, 19-28) More recently, amorphous IrOx prepared with LiOH produced a catalyst with low 
overpotential (270 mV @ 10 mA·cm-2) and stable activity for 10 h.(9) Berkerman briefly studied 
the effect of the base on the stability of IrOx colloidal suspensions, where limited differences 
were observed in the nature of the colloidal suspension, however, the colloidal suspensions 
were not assessed for OER.(29) Apart from the work of Berkerman, no reference to effect of 
the base employed in the hydrothermal synthesis of IrOx powders has been reported in the 
literature. We therefore now present a study showing that the physicochemical proprieties of 
amorphous hydrothermally prepared IrOx materials can be tailored by the base used (LiOH, 
NaOH, KOH, Li2CO3, Na2CO3, K2CO3) and determine its effect towards the OER performance 
in terms of OER activity and stability under acidic conditions. 
Experimental 
Materials 
All chemicals were purchased from commercial suppliers and used as received. Iridium 
chloride hydrate (IrCl3∙xH2O 99 %, Sigma Aldrich), rutile IrO2 (99.9 % metal basis, Sigma 
Aldrich), IrOx·hydrate (99.99 % metal basis, Premion®, AlfaAesar), LiOH (98 %, Sigma 
Aldrich), Li2CO3 (99 %, Fisher Chemicals), Na2CO3 (99.5 %, Fisher Chemicals), K2CO3 (99 %, 
Fisher Chemicals), NaOH (99.6 %, Fisher Chemicals), KOH (95 %, Fisher Chemicals), 
perchloric acid, (HClO4 70 % in water, Honeywell Fluka), 5 % Perfluorinated resin solution 
(Nafion® solution, Sigma Aldrich), Ethanol (100 %, VWR Chemicals). 
 
Catalyst Synthesis 
A modification of the hydrothermal method reported by Reetz and Feigel(29) was followed. 1 
mmol of IrCl3 hydrate and 8 mmol of base (Li2CO3, LiOH, Na2CO3, NaOH, K2CO3 or KOH) 
were dissolved in 10 ml of deionised water and stirred for 16 h at room temperature in a 50 ml 
round bottom flask. The pH of the solution remained between 11-12 during this process. The 
solution remained yellow when carbonate bases (Li2CO3, Na2CO3 or K2CO3) were used, while 
blue solutions were generated when hydroxide bases were used (LiOH, NaOH or KOH). A 
further 10 ml of deionised water were added to the solution after this initial period. The solution 
was then heated to reflux for 3 hours. A blue precipitate was observed which was recovered 
by filtration and washed with 2 L of hot deionised water. Finally, the material was left to dry at 
room temperature for 16 h. Samples are denoted as IrOx-(base), for example, the sample 
prepared using Li2CO3 as a base is referred as IrOx-Li2CO3. 
Catalyst characterisation 
Powder X-ray diffraction (XRD) were performed on a X’PertPro Panalytical instrument fitted 
with a hemispherical analyser using a Cu Kα (1.54 Å, 40 eV) X-ray source with a Ni filter. BET 
surface areas were obtained on a Micromeritics 3-flex, prior to analysis the materials were 
dehydrated in static air at 130 °C for 20 h, then were transferred to the BET bulb and dried 
under vacuum at 130 °C for 16 h. Raman spectroscopy was carried out in a Renishaw InVia 
Raman spectrometer using a 514 nm laser with 25 mW power and a beam diameter of 0.65 
nm, data acquisition was performed at 5 % laser intensity, 500 accumulations and 5 s of 
exposure time. X-ray photoelectron spectroscopy (XPS) were recorded on a Thermo Scientific 
K-Alpha+ spectrometer equipped with an Al source operating at 72 W (6 mA x 12 kV) with 20 
eV pass energy, data was analysed using Casa XPS software. Scanning electron microscopy 
with energy dispersive X-ray spectroscopy (SEM-EDX) images were obtained on a Tescan 
Maia 3 microscope. The IrCl3 conversion to IrOx was monitored using UV-Vis spectroscopy in 
a Cary UV 60 Agilent Technologies spectrophotometer. To facilitate sampling, the 
hydrothermal preparation was carried out in a 100 ml 3-neck round bottom flask with 40 ml of 
deionised water, a reflux condenser was attached on one neck, while the other two were 
sealed with a rubber septum. Before sampling, the reaction temperature was allowed to 
stabilise for 5 min, then 0.1 ml of reaction aliquot was diluted in a UV cuvette with deionised 
water to 2 ml. The concentration of lithium in prepared samples was analysed by inductively 




To prepare the catalyst ink, 5 mg of catalyst were re-dispersed on 1.23 mL of water, 1.23 mL 
of ethanol and 40 µl of nafion solution. The mixture was sonicated for 30 min in order to ensure 
the complete re-dispersion of the material. 10 µl of the catalyst ink was drop-cast onto the 
working electrode and dried under a N2 flow for 30 min to obtain a catalyst loading of 100 
µg·cm-2. 
Electrochemical measurements were recorded on a 3-electrode flow cell reactor described 
previously in the literature.(30) Using a Col-Parmer Masterflex C/L single channel pump 1.2 
ml·min-1 of 0.1 M HClO4 electrolyte solution passed through the reactor, the electrolyte solution 
was degassed with N2 for 30 minutes prior to reaction. A coiled Pt wire (127 µm diameter, 
99.99 %, Sigma Aldrich) was used as counter electrode, a glassy carbon (0.196 cm2)(30) was 
used as the working electrode and a calomel electrode ([Cl-/Hg2Cl2/Hg/Pt], IJ Cambria 
Scientific Ltd, model CHI-150) as the reference. The catalyst activity towards OER was 
measured by linear sweep voltammetry (LSV, 1.2 VRHE to 1.7 VRHE at 5 mV·s-1) and the 
catalysts stability was assessed by chronopotentiometry (CP, 2 h at 10 mA·cm-2). Reported 
results are expressed against the reversible hydrogen electrode (RHE). 
Results and discussion 
Effect of Base on IrOx Morphological and Structural Properties 
Under strong aqueous alkaline conditions IrCl3 is converted to IrOx following the mechanism 
proposed in equations 1-3.(28) The chemical conversion of IrCl3 can be monitored by UV-vis 
spectroscopy since the reaction intermediates Ir(H2O)3Cl3, [Ir(OH)6]3- and IrnOm oligomers 
present absorption bands at 400 nm, 320 nm and 580 nm respectively.(28) 
Ir(H2O)3Cl3 + 6 OH-  [Ir(OH)6]3- + 3 Cl- +3 H2O Eq. 1 
n [Ir(OH)6]3-  IrnOm + m H2O + 6n OH- Eq. 2 
IrnOm + O2  n IrO2 Eq. 3 
Figure 1 shows the UV-vis spectra acquired during the preparation of IrOx-LiOH and IrOx-
Li2CO3 (UV-vis spectra for remaining catalysts available in Figure S1). When using Li2CO3, 
IrCl3·3H2O hydrolysed to [Ir(OH)6]3- after 16 h at 25 °C as indicated by the gradual decrease 
in intensity at 400 nm corresponding to Ir(H2O)3Cl3 and the formation of the band at 320 nm 
indicating the formation of [Ir(OH)6]3-. To induce the formation of Ir-O-Ir linkages or Ir-oxy 
oligomers, giving rise to a characteristic absorption band at 580 nm, heating to 85-95 °C was 
required, with no IrOx precipitation observed prior to reaching reflux. After 30 minutes of reflux, 
no absorption bands were observed indicating the absence of iridium species in solution and 
full precipitation of the IrOx material. In contrast, the strong nature of LiOH and its increased 
solubility compared to its carbonate counterpart(31) resulted in faster reaction kinetics. After 
stirring at 25 °C for 16 h, the presence of [Ir(OH)6]3- and IrnOmwere detected at 320 nm and 
580 nm respectively without heating or reflux. Heating induced the further polymerisation of 
Ir-oxy oligomers and the precipitation of IrOx. Nevertheless, even though IrOx precipitated 
during reflux, [Ir(OH)6]3- remained in solution as observed by the band at 320 mn, indicating 
its incomplete precipitation or re-dissolution under strongly alkaline conditions. The 
observations were consistent between carbonates and hydroxides with differing cations 
suggesting that the nature of the anions and base strength control the kinetics of the IrOx 
formation. 
To detect the presence of any crystalline phases, materials were characterised by XRD. 
Commercially available amorphous IrOx∙(IrOx-AA) and rutile IrO2 (IrO2-SA) from Premion-Alfa 
Aesar and Sigma Aldrich, which has been thoroughly characterised in the literature(10-12, 32) 
were used as standards. In agreement with previous reports, rutile (JCPDS-015-0876) and 
metallic iridium (JCPDS-006-0598) impurity were observed by XRD for the respective 
crystalline and amorphous commercial samples (Figure S2). The absence of a defined 
diffraction pattern and broad reflections at 34° suggested an amorphous nature of all 
hydrothermally prepared IrOx materials regardless of the base used (Figure 2). In addition the 
presence of metallic Ir was not detected in any samples due to the absence of reducing agents 
or high temperature treatments in the preparation method, which are commonly used in IrOx 
synthesis, reported in the literature.(8, 13-16, 28, 33) The IrOx materials were additionally analysed 
by Raman spectroscopy (Figure S3) to detect any presence of the A1g and Eg modes at 752 
cm-1 and 561 cm-1 characteristic of rutile IrO2 which were observed on the crystalline 
commercial sample.(34-36) No distinct absorption bands were detected for the amorphous 
commercial sample or for the hydrothermally prepared IrOx samples, confirming the absence 
of any rutile crystalline phases. 
The morphology, surface roughness and pore structure of materials influence the O2 bubble 
formation and detachment during reaction which can greatly alter the catalyst performance by 
controlling diffusion properties.(4) Slow gas bubbles detachment can translate in 
electrode/electrolyte mass transport limitations accounting to higher overpotential and high 
ohmic voltage drop. Generally smooth samples, without characteristic structural features at 
the surface such as cracks or pores, are limited by slow bubble detachment compromising the 
stability of the electrode.(14, 37) The macroscopic morphology of IrOx materials prepared with 
different bases was studied by SEM and is presented in Figure 3. For the materials 
synthesised it was observed that, the final morphology was highly influenced by the base used, 
with the alkali metal cation of the base seemingly influencing the IrOx precipitation process 
towards specific morphologies. Both IrOx-KOH and IrOx-K2CO3 presented large aggregates 
with flat surfaces, similar to the commercial crystalline sample. Whereas IrOx-LiOH and IrOx-
Li2CO3 precipitated with a sponge-like morphology, resembling the commercial amorphous 
IrOx-AA material. An intermediate picture with flat surfaces and sponge-like areas was 
observed for IrOx-NaOH and IrOx-Na2CO3 catalysts. Apart from the differences evident in the 
morphology EDX was used to determine the presence of impurities in the materials. No 
significant chloride contamination was detected on any of the synthesised catalysts at the 
detection limits of the instrument (0.1 at. %), in agreement with XPS characterisation. In IrOx 
samples prepared with sodium or potassium bases ca. 2 at.% of the corresponding alkali metal 
cation could be detected in each case. In IrOx-Li2CO3 and IrOx-LiOH materials the 
concentration of lithium could not be determined by EDX because of its low atomic mass. 
Lithium concentration was determined by ICP through acid digestion in aqua regia to 3∙10-3 
at. %, which is significantly lower compared to sodium and potassium observed for the 
previous catalysts by EDX. 
Catalysts prepared using K or Na-containing bases showed very low N2-BET surface areas, 
typically < 5 m2∙g-1, comparable to the commercial rutile IrO2. However, the sponge-like 
morphology observed for Li-based catalysts can be correlated with an increased surface area. 
The surface area of IrOx-Li2CO3 catalyst is comparable to the commercially sourced IrOx-AA 
of 32 m2∙g-1 (Table 1). High surface area materials are desired since it allows an increase in 
the concentration of active sites in contact with the reaction media and increased mass 
transport properties, however many studies have shown that IrO2 activity towards OER is in 
general not linearly correlated with the surface area.(38) However due to the synthesised 
materials having comparable surface areas to the commercial standards factors controlling 
activity and stability other than surface area can be identified. Massue et al.(19) reported that 
varying the IrCl3 to KOH molar ratio during the hydrothermal preparation of IrOx materials the 
surface area can be tailored from 150 m2·g-1 to 2 m2·g-1, nevertheless, no correlation between 
the surface area and the catalytic activity towards OER was found. In conclusion, the catalyst’s 
activity was assigned to a contribution of the nature of the hydroxyl groups, the presence of 
IrIII and IrIV sites and to the existence of electrophilic O- species. 
XPS characterisation was used to assess the catalysts surface composition. Ir(4f) and O(1s) 
core-levels for single crystal rutile IrO2 have been shown to be asymmetric as a result of its 
conductive metallic-like properties.(39) However, normal fitting parameters used for metallic 
samples are not suitable for IrO2,(40) making the Ir(4f) orbital speciation challenging due to 
combined influence of band structure (4f and 5p),(32) electron correlation and spin-orbit 
coupling on the electronic structure.(40, 41) Pfeifer et al.(11, 12) performed rigorous synchrotron-
based XPS characterisation on commercial rutile IrO2-SA and amorphous IrOx-AA samples, 
however their derived line shapes are not directly translatable to laboratory scale XPS 
instruments. Morgan et al.(32) reported the Ir(4f) and O(1s) peak fitting parameters applicable 
to lab-based XPS measurements for the same commercial standards utilising a Shirley 
background and Finite-Lorentzian and Gaussian-Lorentzian lineshapes. In agreement with 
published data,(32) the Ir(4f) and O(1s) peak fitting proposed for the commercial standards can 
be translated into our measurements (Figure 4). The asymmetric Ir(4f7/2) and O(1s) peaks for 
rutile IrO2-SA standard, were centred at 61.9 eV and 530.0 eV respectively with a Ir/O ratio of 
0.49, in excellent agreement with the expected values of 0.50, indicating that it was composed 
exclusively of IrIV and O2- lattice oxygen sites. Whilst the Ir(4f7/2) peak for the commercial IrOx-
AA catalyst appreciably broaden and shifted upward to 62.5 eV, indicating the co-existence of 
IrIV and IrIII sites in the oxide matrix. The Ir/O ratio decreased to 0.31 indicating a higher 
concentration of oxygen compared to the nominal value. Additionally, the presence of water, 
hydroxide groups and oxide oxygen species were detected respectively at 532.4 eV, 531.1 eV 
and 530.2 eV on the O(1s) orbital.(32, 42) 
Applying the XPS lineshape on to the synthesised IrOx catalysts it is evidenced that, 
regardless of the base used, the Ir(4f) orbital is broader and shifted towards higher binding 
energy compared to rutile IrO2 (Figure S4). This can be assigned to the presence of IrIV and 
IrIII centres as elucidated for the amorphous standard (figure 4a) albeit the concentration of 
each oxidation state in the material could not be deduced because of the absence of a good 
IrIII oxide standard. In correlation with the amorphous commercial sample, for synthesised 
samples, the Ir/O ratio indicated an excess of oxygen compared to the stoichiometric oxide 
(Table S1), which would indicate the presence of chemisorbed water and surface hydroxide 
groups. Moreover, the O(1s) peak did not show the typical asymmetry observed for rutile IrO2 
with higher binding energy, between 530.7 eV and 531.5 eV, which can be resolved as three 
components: oxide, hydroxide and water/carbonate (figure 4b for IrOx-Li2CO3 and Figure S5 
for all IrOx-base catalysts). 
Table 2 shows the oxygen speciation obtained from the O(1s) peak deconvolution. It is noted 
that the proportion of oxide and hydroxide varies significantly with the base employed during 
the synthesis. Catalysts prepared with lithium bases, IrOx-Li2CO3 and IrOx-LiOH, have the 
highest proportion of hydroxide and the lowest oxide concentration, comparable to the 
proportion observed for the commercial IrOx-AA material, which could be related with a higher 
concentration of IrIII centres in the IrOx lattice. Whilst a more oxidic surface is observed for 
catalysts prepared with sodium and potassium bases. 
Catalytic activity towards OER 
Hydrothermally prepared IrOx and the commercial standards (IrO2-SA and IrOx-AA) were 
tested for OER in an identical flow electrochemical reactor described previously by Spanos et 
al.(30) The intrinsic catalytic activity was determined by LSV (1.2 VRHE to 1.7 VRHE at 5 mV·s-1). 
In agreement with literature,(12) commercial rutile IrO2-SA performed poorly compared to 
amorphous IrOx-AA (dashed LSV traves in figure 5) as a consequence of the absence of key 
structural features: electrophilic O- sites, the presence of IrIII and IrIV centres, structural 
flexibility and surface composition. No appreciable current density was observed for the rutile 
sample over the whole studied potential range, whilst the amorphous standard reached a 
current density of 22 mA·cm-2 at 1.52 VRHE (figure 5). A decrease in the intrinsic catalytic 
activity compared to the amorphous standard was observed for IrOx samples prepared with 
NaOH, Na2CO3, KOH or K2CO3 respectively. This can be correlated with the significantly lower 
measured surface area for these catalysts, in conjunction with the lower proportion of surface 
hydroxide groups and the concomitant more oxidic surface despite all material being 
amorphous in nature, as confirmed by XPS, and the high concentration of sodium and 
potassium detected by EDX which can poison catalytic active sites, as reported for IrOx 
prepared with KOH as base in the literature.(19) Despite the IrOx-LiOH material presenting one 
third of the surface area of the commercial amorphous standard, it showed almost identical 
catalytic activity to the commercial IrOx-AA material. Thus, stressing that the nature of the 
active surface is dominant in determining activity towards OER rather than the surface area.(19, 
38) The IrOx-Li2CO3 catalyst, which showed comparable surface area, surface composition and 
morphology to the commercial IrOx-AA standard, outperformed in activity by reduction of 25 
mV in overpotential at 22 mA·cm-2. Electrochemically active surface area (ECSA) and iridium 
mass normalised activities confirmed the higher activity of IrOx-Li2CO3 compared to IrOx-AA 
and IrOx-LiOH (Figure S6 and Figure S7). No substantial differences in measured Tafel slopes 
for IrOx-AA (37 mV·dec-1), IrOx-Li2CO3 (38 mV·dec-1) and IrOx-LiOH (35 mV·dec-1) were 
observed (Figure S8). The high activity of the two samples prepared with Li+ containing bases 
and different anions may suggest that a promotion in activity could be induced by residual Li+(9) 
remaining in the structure of IrOx materials. To prove the higher promoting effect of Li+ 
compared to Na+ and K+, the catalyst ink of rutile IrO2 was prepared with 1.23 ml of 0.1 M 
aqueous alkaline solution (LiOH, NaOH or KOH), 1.23 ml of ethanol and 40 µl of nafion. The 
catalytic activity for OER was assessed by LSV (Figure S9a), Li+, Na+ and K+-doped rutile IrO2 
were more active than rutile IrO2-SA, which can be attributed to the formation of surface 
hydroxyl groups in the presence of base. However, Li+-doped rutile IrO2 outperformed in 
activity Na+ and K+-doped rutile IrO2, in agreement with a previous study.(9) To ensure that 
increased activity observed in cation-doped IrO2-SA was not only related to the formation of 
surface hydroxide groups, as a result of the catalyst ink preparation, an IrO2-SA electrode was 
prepared in standard conditions (H2O/ethanol/nafion). Then OER activity was measured by 
LSV after consecutive additions of 0.1 M LiOH (Figure S9b), after each 0.5 ml addition it is 
observed a progressive increase in the current density, suggesting a Li+ promoting effect. 
Nevertheless, the nature of improved activity in the presence of Li+ remains unclear and might 
be attributed to the formation of active structural motifs(38) or to an increase in the population 
of active sites. 
More important than the intrinsic catalytic activity of IrOx materials towards OER is the catalyst 
stability against corrosion. As a classic example, RuO2 presents higher activity than IrO2, 
nevertheless, iridium catalysts are generally desired towards OER as a consequence of its 
improved stability against dissolution.(5) The stability of the catalysts was determined by 
chronopotentiometry (CP, 2 h at 10 mA·cm-2). Crystalline IrO2 and catalysts prepared with 
other bases than LiOH or Li2CO3 showed a rapid increase in the potential to 2.2 VRHE (figure 
6), within the first two minutes of the CP experiment, corresponding to the glassy carbon tip 
corrosion, this in agreement with the limited catalytic activity observed by LSV. The IrOx-LiOH 
catalyst presented an almost identical stability profile to the amorphous commercial standard 
with a potential increase of 170 mV during the CP experiment. Improved intrinsic activity 
observed for IrOx-Li2CO3 catalyst by LSV translated also in enhanced stability during the CP 
experiment, compared to IrOx-LiOH and the state of the art IrOx-AA, the potential increased 
by only 12 mV during the two hour duration of the stability test. This corresponded to an 
improvement in the degradation rate of one order of magnitude compared to the amorphous 
standard. 
To assess the extent of catalyst deactivation caused by the CP experiments (2 h at 10 mA·cm-
2), LSV was measured and compared at a current density of 25 mA·cm-2 to the initial intrinsic 
catalytic activity (Figure S10). For catalysts that showed corrosion of the glassy carbon 
electrode during CP, severe deactivation was observed since 25 mA·cm-2 was not reached in 
the second LSV experiment (change in more than 0.5 V compared to the fresh sample). The 
catalytic activity of IrO2-LiOH was seriously compromised after CP, and the current density 
measured by LSV also did not reach 25 mA·cm-2. IrO2-Li2CO3 showed a potential increase of 
only 38 mV after CP to reach 25 mA·cm-2 compared to 80 mV for commercial IrO2-AA. To 
elucidate the difference in stability between synthesised IrOx-Li2CO3 and commercial IrOx-AA 
during CP (2 h at 10 mA·cm-2), iridium dissolution was simultaneously monitored during CP 
by coupling an ICP to the flow cell set up, as described previously in literature.(30) Note that for 
this experiment, the electrode used was made of gold instead of glassy carbon, since gold 
substrates shows better cohesion with the catalysts(43, 44), which would prevent iridium 
dissolution because of IrOx detachment as opposed to iridium corrosion produced during OER. 
As shown in figure 7a, and in agreement with previously published data, iridium corrosion was 
detected for commercial IrOx-AA during the first 30 minutes of CP,(30) which is related with the 
increase in the LSV potential observed when comparing measurements before and after CP 
(Figure 7b). Whilst no significant corrosion was detected for IrOx-Li2CO3 during CP (Figure 
7a), in accordance with no catalytic deactivation observed on consecutive LSV measurements 
(Figure 7b). These results suggest that the IrOx-Li2CO3 materials is a highly active and stable 
catalyst that is easily prepared and could be used as a standard for future mechanistic studies. 
Conclusions 
Amorphous iridium oxo-hydroxides catalysts can be successfully prepared through a facile 
hydrothermal method in alkaline conditions, the base used during the synthesis is important 
in tailoring the physico-chemical proprieties of OER catalysts. Regardless of the base, no 
crystalline phase contamination, rutile or metallic iridium, were detected by XRD. However, 
the cation present (Li+, Na+ or K+) seems to strongly effect the final morphology of the material 
while the anion effects the rate of the condensation steps during the preparation. IrOx catalysts 
prepared with LiOH or Li2CO3 showed a porous sponge-like morphology with higher surface 
area than catalysts prepared with Na+ or K+ containing bases. XPS characterisation showed 
a Ir(4f) orbital shift and broadening when compared to rutile IrO2 for all prepared samples, 
indicating the presence of IrIII and IrIV sites, independently of the base used during the 
synthesis. The Ir/O ratio indicated an excess of oxygen compared to the stoichiometry for rutile 
IrO2. Additionally, apart from the oxide lattice oxygen, the O(1s) region indicated the presence 
of hydroxide groups and water. O(1s) peak deconvolution indicated that IrOx catalyst prepared 
with LiOH or Li2CO3 as a base have a higher concentration of hydroxide groups at the surface 
compared to catalysts prepared with Na or K bases. The surface area dictated from the 
observed morphology could not be directly related with the intrinsic catalytic activity towards 
OER. Conversely, catalysts with the higher proportion of oxide showed limited activity by LSV 
and poor stability by CP towards OER, whilst catalysts with the higher concentration of 
hydroxide groups and the least oxide nature outperformed in activity and stability. While IrOx 
prepared with Li3CO3 showed a reduced overpotential of 25 mV at 22 mA·cm-2 and an order 
of magnitude improvement in the catalyst stability at 10 mA·cm-2 than a commercial standard 
(amorphous IrO2 from Alfa Aesar) with similar morphology, surface area and surface 
composition. This could suggest a promotional role of the alkali metal ions that remain in the 
material after preparation, particularly Li+, which could play a role in producing active and 
stable IrOx catalysts. 
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Figure 1. UV-Vis monitoring during step 1 (stirring at 25 °C for 20 h), step 2 (heat from 25 °C 
to reflux) and step 3 (reflux for 3 h) of the hydrothermal conversion of IrCl3 to IrO2 using a) 
Li2CO3 and b) LiOH as a base. 
 






Figure 3. SEM images for IrOx-base catalysts hydrothermally prepared. 
 
Figure 4. a) Ir(4f) and b) O(1s) XPS line fitting for commercial rutile IrO2-SA and amorphous 
IrOx-AA compared to hydrothermally synthesised IrOx-Li2CO3. In the Ir(4f) region, the Ir(4f) and 
the Ir(5p) are represented in red and blue respectively. In the O(1s) region, oxide, hydroxide 
and water/carbonate are represented in red, blue and green respectively.  
Figure 5. Catalytic intrinsic activity of commercial IrO2 standards and hydrothermally prepared 
IrOx catalysts determined by LSV (1.2 VRHE to 1.7 VRHE at 5 mV·s-1). 
Figure 6. Assessment of catalyst stability via chronopotentiometry (2 h at 10 mA·cm-2). 
Figure 7. a) iridium dissolution monitored by ICP-coupled to the electrochemical flow cell 
during CP (10 mA·cm-2, 2 h) and b) LSV measurement recorded before (solid line) and after 
(dashed line) the CP measurement. 
  
Tables 
Table 1. BET surface area of hydrothermally prepared catalysts using different bases. 
Catalyst BET surface area 
m2/gcat 
catalyst BET surface area 
m2/gcat 
IrO2-SA 2 IrOx-AA 33 
IrOx-LiOH 10 IrOx-Li2CO3 35 
IrOx-NaOH 3 IrOx-Na2CO3 3 
IrOx-KOH 1 IrOx-K2CO3 1 
 
Table 2. XPS derived relative oxygen speciation (oxide, hydroxide and water/carbonate) 
obtained from the O(1s) peak fitting. 
catalyst O - oxide / % O - hydroxide / % O - water/CO32- / % 
IrO2-SA 100 0 0 
IrOx-AA 56 33 11 
IrOx-Li2CO3 57 36 7 
IrOx-LiOH 53 37 10 
IrOx-Na2CO3 71 24 5 
IrOx-NaOH 84 12 4 
IrOx-K2CO3 64 31 5 
IrOx-KOH 70 23 7 
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